Abstract. Gaia is one of the candidate missions for the fifth cornerstone of the ESA Horizon 2000 scientific programme. The selection of the mission should be done by ESA in 1999 with a launch foreseen in 2009. Gaia is proposed as a fundamental step in the understanding of stellar structure and evolution, galactic structure, galactic dynamics and evolution. It will provide the position, annual proper motion and parallax of more than one billion objects, with an accuracy in the range of 3 to 10 microarcseconds for stars with magnitudes down to 20, along with multicolor, multi-epoch photometry of the observed objects. The Gaia satellite will operate five years near the L2 Lagrange point. The payload includes two astrometric instruments, as well as a spectroscopic instrument with a medium-band photometer and a spectrometer for measurement of radial velocities.
INTRODUCTION
The scientific interest of astrometry has been dramatically demonstrated by Hipparcos, the first mission entirely dedicated to high accuracy astrometry. This ESA mission, with Matra Marconi Copyright by the International Astronautical Federation, 1998 Space (hereafter MMS) providing the spacecraft and the payload, has been an unprecedented success.
The Hipparcos data are now available to a large community of users which has already recognized their exceptional value and has announced fascinating scientific results. These data now raise new questions and focus much attention on wide-ranging problems in areas such as stellar structure and evolution, galactic structure, galactic dynamics and evolution.
A further step in the understanding of these problems requires angular measurements of a much higher accuracy and on a much larger number of stars than those provided by Hipparcos. This is the goal of the Gaia mission.
The Concept and Technology Study, conducted by MMS for ESA and recently completed on the subject, was aimed for demonstrating the feasibility of this mission within the Horizon 2000 schedule context, at identifying the technological developments required for its realization and at evaluating the related costs.
SCIENTIFIC REQUIREMENTS

Science objectives
Gaia mission objectives are to build a catalogue of more than 1 χ 10 9 stars with accurate positions, parallaxes, proper motions, magnitudes and radial velocities. The catalogue will be complete for stars up to magnitude V -20. The overall mission can be split in three parts:
(a) star astrometry, with the measurement of stellar position, parallax and proper motion (5 parameters); (b) star photometry, with measurement of magnitudes in different spectral passbands; (c) radial velocity measurements up to V = 17 mag.
Mission requirements
The accuracy targeted for the astrometry mission is 10 //as/year for proper motion accuracy, for stars of V = 15 mag. The parallax accuracy is equivalent to an accuracy of 10 % on the distance of a star at 10 kpc. The proper motion accuracy is equivalent to an accuracy of 1 km/s on the velocity of a star at 20 kpc.
The photometry mission must be multicolor and multi-epoch. Magnitudes will be obtained in four broad spectral bands for all stars down to V = 20 mag, complemented with measurements in (provisionally) six passbands of medium width for stars down to V = 17 mag. The multi-epoch aspect is performed by a regular observation of the stars throughout the entire mission.
The radial velocity measurements will provide a velocity accuracy of 1 km/s for stars of V -15 mag. The radial velocity is presently derived from the Doppler shift of particular spectral lines within the 847-870 nm spectral domain.
GAIA WITH RESPECT TO HIPPARCOS
Gaia and Hipparcos performances are compared in Table 1 . With its accuracy of about 1 or 2 mas, Hipparcos was limited to parallax measurement at a distance of significantly less than 1 kpc. With an accuracy better than 10 ^/as, Gaia will be able to measure parallaxes of stars at distances up to 100 kpc, i.e. beyond the edge of our Galaxy.
The performance of Gaia compared to previous astrometry measurements is illustrated in Fig. 1. 
MEASUREMENT PRINCIPLE
The main objective of the mission is to perform global or wide field astrometry as opposed to local or narrow field astrometry. In local astrometry, the star position can only be measured with respect to a neighboring star in the same field. Even with an accurate instrument, the propagation of errors is prohibitive when making a sky survey. The principle of global astrometry is to link stars with large angular distances in a network where each star is connected to a large number of other stars in every direction.
Global astrometry requires simultaneous observation of two fields of view in which the star positions are measured and compared. Therefore, the payload must provide two lines of sight, which can be obtained either with two separate telescopes or with a single telescope and a beam combiner (case of Hipparcos). The angle P. M erat, F. Safa, J. P. Camus, 0. Pace, M.A.C. Perryman problems for large telescope diameters (say above one meter or so). Besides, having two separate focal planes avoids the problem of object confusion between the field-of-views, which is appreciable for observing faint objects or crowded sky areas. Therefore, the twotelescope concept was retained by MMS for the Gaia design. The opto-mechanical design is briefly detailed below and is such that the two telescope mirrors are mounted on the same structure, providing a low mass, a high symmetry and a basic angle stability compatible with Gaia needs.
A dedicated scanning law (Fig. 2) does the overage of the sky to build up the star network. The scanning law for Gaia is similar to that of Hipparcos.
A spin motion of the spacecraft with a 3-hour period performs the scan of great circles. The lines of sight of both instruments are perpendicular to the spin axis, and the two instruments successively scan the same sky area, which can be viewed as a band which height is equal to that of the field of view. From the instrument standpoint, the stars are crossing each field of view in a regular motion. As for Hipparcos, the scan direction is a privileged direction, and the star position measurement is only performed in this direction.
A slow precession of the spin axis about the satellite -Sun axis slowly moves the great circle allowing a full coverage of the sky within a few months.
For Gaia, the optimization of the scanning law has led to an orientation of the spin axis at 55 deg from the Sun direction and a precession of this spin axis about the solar direction in 72 days. This scanning law ensures an optimal sky coverage ( Fig. 3) and a great rigidity in the data reduction (each star is measured on several great circles -65 observations on average -with nearly isotropic orientations).
The slow precession of the spin axis generates a line of sight motion across scan of about 0.51 deg over a spin period, while the field of view height is 0.66 deg. This provides an overlapping between the consecutive bands observed by each field of view, which allows a calibration of some instrument parameters such as the basic angle using the same stars.
The data reduction performed on ground starts with a processing of the star data on each great circle (great circle reduction): the stars are located relative to each other on the circle. Then, the reduction process has to orient and phase the different circles with respect to each other in what is called the sphere reduction. A more general global approach for the data reduction is also being considered.
Large mounts of information from the instruments are derived from the data reduction. In particular, the distortion, the basic angle and the chromaticity can be calibrated as well as their low frequency variations, which make the variations of these parameters less critical. The self-calibration of fixed or slowly variable biases is a crucial advantage of the global measurement concept, which has been unambiguously demonstrated by Hipparcos, and without which the Gaia accuracy goal of 10 //as would be extremely difficult to reach.
The final catalogue is built from the best estimate of all star positions and of instrument parameters computed from the total amount of data collected during the whole mission. The final accuracy is only reached at the end of the mission, i.e. after five years of operation in orbit, and after complete processing of all the data.
ASTROMETRIC INSTRUMENT
Optical design
The optical design of the astrometric telescopes is represented in Fig. 5 . It consists of a Three Mirror Anastigmat (TMA) configuration, with an intermediate image between the secondary and tertiary reflectors.
The design features a diffraction limited flat field larger than 0.4 deg 2 , a large focal length (50 m) in comparison to the inter-mirror distance (about 3 m), and a low optical distortion compatible with a time-delayed integration of the star pattern over about one second.
The entrance pupil is located on the primary mirror and is rectangular: 1.7x0.7 m. It is elongated in the scan direction, so as to provide the narrowest point spread function in the measurement direction, while being compatible with the optical quality, available volume, field size and radiometric needs. The pupil collecting area is such that the total number of collected photons per star over five years of operation in orbit is compatible with the 10 ^as positioning accuracy at magnitude 15.
The large focal length of 50 m allows a proper sampling of the diffraction pattern (4 pixels) along the scan direction, with a pixel size along scan of 9 μτη, which ia compatible with the available CCD detector technology. The astrometric instrument consists of two identical telescopes, rotated one with respect to the other by an angle equal to the basic angle, fixed at 106 deg. The optical design allows a mounting of the mirrors and focal planes of both telescopes on the same torus structure (Fig. 5 ). This provides a high symmetry and dimensional stability of the system and simplifies its overall integration.
Focal plane design
The astrometric focal plane layout is represented in Fig. 6 . An observed object follows a nearly horizontal line on this figure, with a speed of 29.1 mm/s given by the scan law, and therefore successively crosses all the columns of CCDs.
All the CCDs are backside illuminated and work in time-delayed integration mode over their whole width (29 mm corresponding to 0.9 s integration time). Therefore, for every observed star, each CCD provides the star pattern corresponding to the optical point spread function sampled by the CCD pixels. All the detectors are physically identical, with a pixel size of 9 μτη along scan and 27 μηι across scan.
The columns of detectors are functionally grouped in three parts: the sky mapper, the astrometric field and the broad-band photometric field. The sky mapper and the astrometric field work in white light, the wavelength band being defined by the CCD quantum efficiency function. Although the CCD detectors are physically identical, a different smart analogue binning process is implemented for the three focal plane parts, depending on the data to be extracted.
The sky mapper is made of the first four columns of CCDs and fulfils the following functions.
-Object detection function. No catalogue is implemented on board, and the system will be autonomous for the object detection. Simulations performed by the Science Advisory Group (SAG) showed that the detection process is efficient up to V = 20 mag, for which about 300 electrons per star per second are detected.
-Windowing function. Once the object is detected by the first column of the sky mapper, a detection window is defined for the following CCDs for this object, so as to reduce the readout noise and data rate.
-Attitude control function. A centroiding process is applied to two consecutive CCD columns for deriving the star speed measurement in both directions. Note that the speed measurement does not require any catalogue.
Strictly speaking, only two CCD columns are needed for the sky mapper. A third column is added for redundancy, and a fourth narrow column (the first column on Fig. 6 ) is added for star dynamical range management, allowing star detection up to V = 3 mag.
The astrometric field is made of the 17 columns of CCDs following the sky mapper. Since only the star position along scan is measured, the pixels are binned across scan in this area, and each CCD provides 6 samples per star representing the star pattern profile along scan. For avoiding any unrecoverable loss of information, these profiles are sent to the ground station without any further processing on board, aside from lossless compression techniques. The star dynamical range is managed by an appropriate gating of the CCDs, which allows to perform the star profile measurement up to V = 3 mag.
The broad-band photometry area is made of the four last columns of CCDs, and provides color information for all observed objects in four spectral bands of about 100 nm width. Such color data are used for the astrophysical research and also for the calibration of star chromaticity effects.
Astrometric performance
As already mentioned, the final astrometric performance is not only given by the star localization accuracy for one passage, but is driven by the total number of photons collected by both telescopes over the total observation time in orbit. Fig. 7 represents the astrometric accuracy versus magnitude for a yellow star (G2 V), assuming four years of observation in orbit. Similar results are obtained for blue stars, while the accuracy improves for red stars. The curve shows an accuracy floor of 2.5-3 /fas rms below magnitude 12. This floor is due partly to detector saturation for bright stars, and partly to residual uncalibrated biases, such as the basic angle knowledge accuracy over a spin period. For V > 12 mag, the astrometric error degrades approximately as N~1! 2 , where Ν is the total number of detected photons per star.
The accuracy is better than 10 //as rms at V = 15 mag and reaches 100-200 /xas at V = 20 mag, which is still an order of magnitude better than the accuracy obtained by Hipparcos for V = 9 mag.
SPECTROMETRY INSTRUMENT
The spectrometric instrument works down to V = 17 mag and is intended for medium-band photometry and radial velocity measurement. The two functions share the field of the same telescope (Fig-8) .
The spectrometric telescope provides a diffraction limited field of 1 deg across scan by 2 deg along scan, with a focal length of 4.17 m and a rectangular entrance aperture of dimensions 0.75 x 0.7 m. The central part of the field, namely lxl deg, is devoted to the radial velocity measurement, while the rest of the field is dedicated to medium-band photometry.
The spectrometric instrument assembly is mounted on the same torus structure as the astrometric instruments and is located on the axis of symmetry of the astrometric telescopes (Fig. 9) .
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S 7,00 fe 6,00 t 5,00 .a 4,oo "S 3,00 Medium-band photometry is performed in the focal plane by two dedicated CCD detectors. The star measurement is performed in (provisionally) six passbands of medium width 30 nm) by means of filters located in front of CCDs, with an integration time of 3 s per passband. A seventh passband using white light is added and acts as a dedicated sky mapper for the object detection. This last band also allows to easy correlate the stars observed by the astrometric and the spectrometric instruments.
The radial velocity measurement principle is explained in Fig. 10 , where we take a Cassegrain telescope for clarity. The star spectrum, formed by a slitless spectrograph, is spread across scan over about 300 pixels, and the radial velocity measurement is derived from the Doppler shift of the lines. A single CCD array is used and is operated in time-delayed integration mode over the whole field width, which corresponds to an integration time of 30 s.
The Radial Velocity Spectrometer (RVS) assembly is located at the rear side of the plate supporting the photometric CCDs. It consists of a collimating lens, a disperser and an imaging lens, working at unit magnification in a symmetrical configuration. The major characteristics of the RVS spectrometer are the following: -wavelength range: 847-870 nm, -pixel size: 20 μτη, square, -spectral resolution: 0.75 Â per pixel, -spatial resolution: 1 as per pixel.
PAYLOAD CONFIGURATION
Although fixed or slowly variable biases are self-calibrated by the great-circle or sphere reduction process, line-of-sight variations at a frequency higher or equal to the spin frequency (3 h) cannot be retrieved. It is therefore mandatory for the astrometric instrument that the design ensures a short-term basic angle stability (or at least a knowledge of the basic angle variations) significantly below 10 μ as rms over the spin period of 3 hours.
The proposed design was shown to actually meet this stringent requirement with a passive thermal control. The major design features for that purpose can be summarized as follows.
-The whole payload is protected from solar radiation by means of the sun-shield (see Figs. 11 and 12) . The sun-shield is obtained by connecting the deployable solar arrays with thermal foils.
-The payload module, in particular the torus, is also radiatively decoupled from the sun-shield by means of a thermal tent closing the payload completed with baffles on the optical apertures (Fig. 11 ).
-The payload module is radiatively and conductively decoupled from the service module.
-The payload module is also mechanically decoupled from the service module by releasing in orbit two of the three bipods connecting one module to the other.
-A single low-expansion, high-conductivity and homogeneous material, namely silicon carbide (SiC), is used for the reflectors, the mounting plates and the torus structure.
The payload temperature is passively stabilized at about 200 K. Although the basic angle stability requirement is passively met, a device was designed by MMS for continuously monitoring the basic angle variation in orbit with an accuracy better than 1 //as rms and therefore guaranteeing the mission performance. It basically consists of an artificial star on board (laser source) illuminating simultaneously the two astrometric telescopes.
SATELLITE CONFIGURATION
The service module has a conical shape in order to avoid any turning shadow onto the solar array and sun-shield assembly (Fig. 12) . It interfaces on the side with the standard 1666 mm adapter of the Ariane 5 launcher and on the other side with the payload module. The service module structure is made of aluminum completed with CFRP shear walls. All units accommodated into the module are thermally coupled to the lateral panels of the module which are used as radiators and covered with optical solar reflectors.
The solar array and sun-shield assembly includes six solar array wings which are stowed during launch against the six lateral panels of the service module. Each wing is made of two solar panels based on Ga-As cells on CFRP structure. Hinges based on a shape memory alloy motorization, are foreseen between panels as well as between the wings and the service module core structure. The solar panels are insulated from the payload module with MLI on their rear face. Additional MLI sheets, reinforced with Kevlar cables, are spread between the solar array wings to complete the sun-shield function. They are deployed together with the solar panels.
Figs. 11 and 12 show the satellite configuration in orbit. The solar array and sun-shield assembly is deployed with a span of 9.5 m. The optical covers are removed from the instrument entrance apertures in orbit.
SCIENTIFIC DATA PROCESSING
Because of the very large number of CCDs within each astrometric focal plane, the data rate at the output of these focal planes is huge. A strong filtering of the data flow is mandatory on board in order to minimize the quantity of data to be stored and then transmitted to ground. This on-board filtering process is summarized in Fig. 13 and includes several steps described briefly below.
A star detection and discrimination function, using the sky mapper implemented within each astrometric focal plane, allows to detect all stars brighter than 20 mag. The detection process includes a background evaluation and suppression function, a cosmic hit discrimination function and a connectivity test which allows to discard noise and extended objects. Thanks to this on-board autonomous star detection and discrimination function, the payload can operate without the support of any pre-loaded star catalogue.
A windowing function propagates in real time the address of each detected star as it crosses the astrometric focal plane. It allows to read only the CCD pixels that include the star signal.
Finally, a compression function divides by 2 the data rate with minimum impact on the data quality. Thanks to this on-board filtering process, the data flow at payload output does not exceed an average value of 1 Mbps.
SERVICE MODULE
Orbit acquisition
The satellite is launched by Ariane 5 into a standard GTO orbit. The satellite transfer from the GTO orbit to the final L2 orbit (see is done with a unified bi-propellant system. It includes a 400 Ν engine, which is used just after the separation from the launcher in order to rapidly raise the orbit apogee. It is completed with a redundant set of 10 Ν thrusters for orbit correction during the transfer phase and for the final insertion into the operational orbit at L2.
About 1000 kg of bi-propellant is required for these two operations. A simple and secure spin stabilization approach is selected for this transfer phase, making use of standard sun sensors and gyroscopes.
The selected operational orbit is a Lissajous orbit (see Fig. 15 ) providing at least five years of observation with no eclipse, and even more than that assuming a limited correction manoeuvre after a few years of observation.
Attitude control
Very stringent pointing stability requirements have to be met during the observation phase (better than 0.002 as/s over 1 s) in order to follow adequately the pre-defined satellite scan law without blurring the star image at focal plane level. This is achieved thanks to a set of microthrusters (field emission electric propulsion thrusters (FEEP) with a thrust in the range of 1 mN) controlled in a continuous proportional mode, and the combined use of a wide field star sensor and of the astrometric instruments (sky mapper fields) as attitude and rate sensors.
Thanks to the high specific impulse of the FEEP microthrusters and because of the very low level of dynamic perturbations to be controlled, only a few kilograms of caesium propellant are necessary. An overview of the attitude and control system is shown in Fig. 16. 
Power
The satellite power demand, in observation phase, is close to 2500 W including margins. It is provided by 24 m 2 of Ga-As cells split into six wings of 4 m 2 .
A 16 Ah lithium-ion battery provides the required energy during the few eclipses encountered during the transfer phase. No eclipse is expected once in operational orbit. 
10.4• Data handling
The satellite electrical architecture may be split in two main parts:
-a dedicated scientific data chain includes all the units required for the acquisition, discrimination and compression of the pay load data. A solid state recorder of 100 Gbits ensures the temporary storage of the compressed scientific data between two consecutive transmission periods with the ground station.
-standard set of equipment, connected to a central computer, provides all the general services to the spacecraft and payload (power, data transmission, attitude control, thermal control, etc.).
Communications
The communication between the spacecraft and the Earth (ESA ground station located in Perth, Australia, is today considered for the control of the spacecraft) is done via two sets of equipment.
A classical telemetry and telecommand link with an omnidirectional coverage provides a permanent control of the spacecraft whatever the mission phase and the spacecraft attitude. Both transmission and reception are done in X band. A solid state power amplifier provides the 17 W of RF power required to transmit safely the 6 kbps of telemetry data over the 1.5 million km between the spacecraft and the Earth.
A dedicated telemetry link, also in X band, provides the transmission to the Earth of the scientific data. The high transmission rate (3 Mbps, taking into account 8 h of ground station visibility per day), the large distance between the spacecraft and the ground station and the wide antenna field of view induced by the spacecraft spin and orbit motions (see Fig. 17 ) impose altogether the use of a high gain high power phased array antenna.
The required 32 dBW EIRP is provided by activating simultaneously several subarrays of radiating elements (semi-active antenna concept), the control of azimuth and elevation of the radiation pattern being achieved electronically (subarray switching and phase control). The subarrays of radiating elements are implemented along a truncated conical structure co-aligned with the satellite spin axis, which may be the service module structure itself or dedicated assembly of smaller size implemented around the launch apogee engine. P. Mérat, F. Safa, J. P. Camus, 0. Pace, M. A.C. Perryman Fig. 17 . Required field of view for the science telemetry antenna. This state-of-art concept makes use of technologies that are all individually qualified. Fig. 18 shows the spacecraft in launch configuration. The solar panels and the sun-shield are stowed against the service module structure. The optical covers are closed against the payload module thermal tent.
SATELLITE INTERFACES AND BUDGETS
Launcher compatibility
The satellite envelope, with an overall diameter of 4.5 m and the height of 3.1 m is then compatible with the Ariane 5 envelope.
Lifetime
Four years of total observation are necessary to finally reach the targeted 3-10 //as astrometric accuracy. The satellite (including the consumables) has been designed for 6 years of operation, including 8 months for the transfer phase between the Earth and the operational orbit, 5 years of operation and some margins taking into account the spacecraft and ground station effective availability.
Mass and power
The spacecraft dry mass, including margins, is 2035 kg. The launch mass, including the launcher adapter and the propellant, is 3137 kg. The spacecraft power consumption, in observation mode, is 2475 W, including margins.
CONCLUSIONS
Within the frame of the concept and technology study carried out for ESA, MMS has established a complete design of the Gaia spacecraft, including the payload instruments, which is consistent with the scientific goals specified by ESA and demonstrates the feasibility of the 10 //as astrometric accuracy target.
The design proposed for Gaia is feasible using already available or projected technologies. The key areas where complementary P. Mérat, F. Safa, J. P. Camus, 0. Pace, M.A.C. Perryman investigations and technology validation activities are necessary have been identified as part of the study (high performance CCDs, large size two-dimensional focal plane assemblies, large SiC mirrors and structures, etc.). A development plan and a cost of the satellite have been produced which establish the feasibility of the mission within the ESA cornerstone budget and in conformity with (and even earlier than) the nominal CS5 schedule.
